Escherichia coli quinol-fumarate reductase operates with both natural quinones, ubiquinone (UQ) and menaquinone (MQ), at a single quinone binding site. We have utilized a combination of mutagenesis, kinetic, EPR, and Fourier transform infrared methods to study the role of two residues, Lys-B228 and Glu-C29, at the quinol-fumarate reductase quinone binding site in reactions with MQ and UQ. The data demonstrate that Lys-B228 provides a strong hydrogen bond to MQ and is essential for reactions with both quinone types. Substitution of Glu-C29 with Leu and Phe caused a dramatic decrease in enzymatic reactions with MQ in agreement with previous studies, however, the succinate-UQ reductase reaction remains unaffected. Elimination of a negative charge in Glu-C29 mutant enzymes resulted in significantly increased stabilization of both UQ . and MQ . semiquinones. The data presented here suggest similar hydrogen bonding of the C1 carbonyl of both MQ and UQ, whereas there is different hydrogen bonding for their C4 carbonyls. The differences are shown by a single point mutation of Glu-C29, which transforms the enzyme from one that is predominantly a menaquinol-fumarate reductase to one that is essentially only functional as a succinate-ubiquinone reductase. These findings represent an example of how enzymes that are designed to accommodate either UQ or MQ at a single Q binding site may nevertheless develop sufficient plasticity at the binding pocket to react differently with MQ and UQ.
Facultative anaerobic bacteria and lower eukaryotes adapt their metabolism in response to environmental changes. An important aspect of this adaptability is that many can synthesize both ubiquinone (UQ) 4 and menaquinone (MQ). Quinone biosynthesis and relative concentration is regulated by growth conditions and oxygen supply with UQ and MQ being the primary quinone under aerobic and anaerobic conditions, respectively (1) . Membrane-bound bacterial enzymes that utilize quinones as substrates can often catalyze redox reactions with both UQ and MQ. Membrane-bound quinol-fumarate reductase (QFR) in Escherichia coli is an example of an enzyme that can readily use both types of quinones and shows high menaquinolfumarate and succinate-quinone reductase activities (2) . QFR serves as a terminal reductase in the anaerobic bacterial respiratory chain by catalyzing the menaquinol-fumarate reductase reaction (3) . When genetically manipulated to allow its expression under aerobic conditions, QFR efficiently replaces succinateubiquinone reductase (SQR) in aerobic metabolism and cell growth by catalyzing ubiquinone reduction from succinate (4) .
Membrane-bound QFR from E. coli is a four subunit complex, and its x-ray structure has been solved (5) (6) (7) (8) (9) . The FrdA and FrdB subunits comprise the soluble component that contains a dicarboxylate substrate binding site, a covalently bound FAD, and three linearly arranged iron-sulfur centers (5-7). The membrane-spanning hydrophobic subunits FrdC and FrdD are necessary to anchor the soluble the FrdAB domain to the membrane and were found to harbor two menaquinone binding sites (8) . One of these, the Q P -site, is positioned proximal to the [3Fe-4S] cluster of the FrdB subunit and comprises a relatively polar binding pocket. The other menaquinone molecule was found at the Q D site that is positioned 27 Å from Q P toward the periplasmic side of the membrane. X-ray crystallographic studies have shown that the Q-site inhibitor HQNO (2-n-heptyl-4-hydroxyquinoline-N-oxide), an analogue of MQ, and DNP-19 (2-[1-[(p-chlorophenyl)ethyl]-4,6-dinitrophenol]), an analogue of UQ ( Fig. 1 ) bind exclusively at the Q P -site (9) . This is in agreement with kinetic data that suggest a single exchangeable Q-site where quinone redox reactions occur (2) . Although both inhibitors bind at the Q P -site, the binding of DNP-19 is shifted with respect to HQNO or MQ (Fig. 2) . The C1 carbonyl of MQ, the N-oxide group of HQNO, and the hydroxyl group of DNP-19, are all positioned within hydrogen bonding distance to Lys-B228 N, Trp-D14 N⑀, and the side-chain carbonyl of Gln-B225. The opposite side of the quinoid ring or inhibitor molecule near the C4 carbonyl of MQ is positioned differently. The hydroxyl group of HQNO is hydrogen-bonded to the side chains of Glu-C29 and Arg-C28, whereas oxygen from the NO 2 group of DNP is shifted Ͼ2 Å toward the entry into the Q P pocket and positioned 4 Å away from the side chain of Glu-C29, within close proximity to Arg-D81 and Arg-C28. Based on the structure of the Q P -site it was suggested that Lys-B228 and Glu-C29 could be the primary proton acceptors from MQH 2 (8) .
A difference in the position of several Q-site inhibitors and quinones and, consequently, large variation in hydrogen bonding has been shown for the bc 1 complex and bacterial photosynthetic reaction center. These differences reflect the conformational changes needed to accommodate quinone/quinol (see Refs. 10 -14 for reviews). HQNO is a close analogue of the MQ semiquinone and binds to QFR with a K d in the low nanomolar range (15) . By contrast, DNP-19 demonstrates a two orders of magnitude lower affinity (16) and is the only benzoquinone analogue whose position at the Q P -site has been confirmed by crystallographic studies (9) . The NO 2 group at the C4 carbonyl position and a phenyl substitution at the C2 position in the DNP-19 molecule may restrict the inhibitor from deeper intercalation into the Q p pocket compared with UQ. Because the QFR structure with UQ is not available, it cannot be excluded that ubiquinone may occupy a position similar to MQ where the C4 carbonyl of UQ would be hydrogen-bonded to the side chain of Glu-C29. It has been shown that mutation of Glu-C29 to a leucine results in enzyme that demonstrates increased stability of the MQ radical at the Q p -site (17) and shows very low menaquinol-fumarate reductase activity indicating that Glu-C29 is a primary proton acceptor from menaquinol. The FrdC Glu-29 3 Leu mutant of QFR is unable to support anaerobic respiratory growth on fumarate (18) . Interestingly, this mutant is still able to support aerobic respiratory growth on succinate and retains high succinate-ubiquinone reductase activity. Thus, although Glu-C29 is critical for menaquinol oxidation, it does not appear to be essential for ubiquinone reduction.
In this work we have investigated the mechanism of quinone redox reactions at the Q P active site of E. coli QFR. In addition to Glu-C29 variant enzymes, mutations of Lys-B228 were constructed and studied by kinetic methods, electrochemically induced FTIR, and EPR spectroscopy. The data show that even a conservative substitution of Lys-B228 by Arg results in dramatic effects on both MQ oxidation and UQ reduction. The FrdC E29L and E29F variant enzymes are significantly impaired in their reactions with MQ in both succinateoxidase and fumarate-reductase directions while retaining full activity as a succinate-UQ reductase. The results are in agreement with crystallographic data and suggest different hydrogen bonding for MQ and UQ at the Q p binding site of QFR that result in differences in the mechanism of redox reactions with MQ and UQ. The differences are shown by a single point mutation of Glu-C29, which transforms the enzyme from one that is predominantly a menaquinol-fumarate reductase to one that is essentially only functional as a succinate-ubiquinone reductase.
MATERIALS AND METHODS
Bacterial Strains and Plasmids-The E. coli strain DW35 (⌬frdABCD, sdhC::kan), and plasmid pH3 (frdA
, which are used for expression of wild-type and mutant forms of QFR, have been previously described (18) . The menaquinoneand ubiquinone-deficient strains used were JCB4111 and JCB4211, respectively. These are derivatives of JCB4011 (⌬lacU169 araD139 rpsL gyrA non ⌬narZ::⍀ ⌬napAB) bearing ⌬menBC and ⌬ubiCA deletions, respectively (19) .
Mutagenesis-Plasmid pH3 was used as the template for mutagenesis. Site-directed mutagenesis was performed utilizing the QuikChange site-directed mutagenesis kit, from Stratagene (La Jolla, CA). Primers for mutagenesis were obtained from Qiagen (Valencia, CA). Nucleotide changes to construct the mutants are underlined. To construct the FrdB K228L mutant, primer 5Ј-GCCATTCAGCAGGGCTTAGTAGAAAGTTCGA-AAG-3Ј, and its reverse compliment were designed. The FrdB K228R mutant was constructed using the primer 5Ј-GCCATTC-AGCAGGGCCGAGTAGAAAGTTCGAAAG-3Ј and its reverse compliment. The 993-bp Mlul-SalI fragment containing the FrdB K228 mutations was cloned into pH3 for the expression of the four subunit mutant construct. All mutations were confirmed by DNA sequencing using the UCSF Biomolecular core facility. Mutant plasmids were subsequently transformed into E. coli DW35 for expression of mutant enzyme.
Growth Conditions and Enzyme Purification-DW35 cells harboring the appropriate plasmid were grown under microaerophilic conditions in Terrific Broth medium as previously described (20) . Isolation of membrane fractions enriched with wild-type and mutant QFR enzymes was performed as previously described (15) . To purify the QFR proteins, the membranes were extracted with 2% w/v Triton X-100, and chromatography on DEAE-Fast Flow was performed in 20 mM potassium phosphate, pH 7.5, 0.05% Thesit (Anapoe C 12 E 9 (polyoxyethylene 9)-dodecyl ether), Anatrace Inc., Maumee, OH). The resin was washed with the same buffer containing 0.1 M NaCl, and QFR proteins were eluted with the same buffer containing 0.2 M NaCl. QFR containing fractions were concentrated and applied to a Sephacryl S-300 size-exclusion column (Amersham Biosciences) in 50 mM potassium phosphate (pH 7.0), 0.05% Thesit. The enzyme was concentrated to ϳ0.5 mM for use in the electrochemical cell.
Growth of Menaquinone and Ubiquinone-deficient Strains-JCB4111 (⌬menBC) harboring FrdC E29L variant was grown microaerobically on Terrific Broth as described above. However, JCB4211 (⌬ubiCA) does not grow aerobically and was therefore grown anaerobically for 24 h on glucose-peptonefumarate medium (21) . Membranes were prepared as described above.
Measurement of Enzyme Activity-Activation of QFR enzymes to remove inhibitory oxaloacetate was performed as described previously (2) . The standard assay medium contained 30 mM bis-Tris-propane, pH 8.0, 0.1 mM EDTA, 0.006% Thesit, and 3 mM potassium cyanide at 30°C. To achieve anaerobic conditions 10 mM glucose, glucose oxidase, and catalase were added to the assay medium when needed. Succinate-oxidase reactions of the QFR enzymes with 0.5 mM potassium ferricyanide (⑀ 420 ϭ 1 mM Ϫ1 cm Ϫ1 ) was performed aerobically as previously described in the presence of 20 mM succinate (2) . Succinate-UQ 1 reductase activity was determined in the presence of 20 mM succinate and varied concentrations of UQ 1 . The reaction was followed by decrease of the absorbance at 278 nm (⑀ 278 ϭ 12 mM Ϫ1 cm Ϫ1 ). The succinate-MQ 1 reductase reaction was performed anaerobically with 40 M acetylated horse heart cytochrome c (⑀ 550 ϭ 21 mM Ϫ1 cm Ϫ1 ). Fumarate reduction by QFR enzymes with MQ 1 was determined in a reaction coupled to NAD(P)H-quinone reductase in oxygen-free media as previously described (2) . MQ 1 and UQ 1 were kindly provided by Eisai Co. Ltd. (Tokyo, Japan). All activities are calculated using the covalently bound FAD content to determine the enzymes turnover number. Data shown in Tables 1 and 2 are within 5-10% error.
FTIR Difference Spectroscopy-FTIR difference spectra as a function of the applied potential were obtained in the 2500 to 1000 cm Ϫ1 range using a modified Bruker IFS 25. In all experiments, the protein solution was first equilibrated at the initial potential of the electrode, and single beam spectra in the IR range were recorded. Then, a potential step toward the final potential was applied, and the single beam spectrum of this state was again recorded after equilibration. Subsequently, difference spectra, as presented in this work, were calculated from the two single-beam spectra with the initial single-beam spectrum taken as the reference. No smoothing or deconvolution procedures were applied. The equilibration at the applied potential generally took less than 5 min in the potential range from Ϫ0.45 to 0.05 V for the protein concentration, type, and concentration of the mediators and electrode modification described above. Equilibration times have been determined with UV-visible difference spectra on the same sample (data not shown), and the full reaction in the FTIR was monitored by double difference spectra until no changes were detected. Typically, 128 interferograms at 4 cm Ϫ1 resolution were co-added for each single-beam IR spectrum and Fourier-transformed using triangular apodization. 5 to 10 difference spectra were usually averaged. The noise level in the difference spectra was estimated to be ϳ30 -50 ϫ 10 Ϫ6 absorbance units in the spectral range under consideration, except for the region of the strongly absorbing water bending and protein amide I modes at ϳ1650 cm Ϫ1 where the noise was slightly higher. Sample Preparation-The isolated QFR proteins were in 50 mM potassium phosphate, 0.05% Thesit. The ultra-thin-layer spectroelectrochemical cell for the UV-visible and IR detection and the potentiostat was used as previously described (22) . Sufficient transmission in the range from 1800 cm Ϫ1 to 1000 cm
Ϫ1
was achieved with the path length of 6 -8 m. The gold grid working electrode was chemically modified by using a 2 mM cysteamine solution as described elsewhere (23). To accelerate the redox reaction, 16 different mediators were added, including those listed in a previous study (24) except for n-methylphenazonium methosulfate and n-ethylphenazonium sulfate. The final concentration of each mediator was adjusted to 45 M. At this concentration and at an optical path length below 10 m, control experiments with protein-free samples revealed no contributions from the mediators in the UV-visible and IR spectral ranges, except for the P-O stretching modes of the phosphate buffer between 1200 and 1000 cm
. The stock solutions of MQ 1 (100 mM) and UQ 2 (64 mM) in Me 2 SO were diluted 10 times with methanol and used to achieve final concentration of 0.8 mM in 10 l of 0.5 mM enzyme solution. After 20-min incubation at room temperature the mixture of mediators was added to the protein sample. Potentials quoted with the data refer to the Ag/AgCl/3 M KCl reference electrode (i.e. ϩ208 mV for the standard hydrogen electrode, at pH 7).
Potentiometric Titrations and EPR Spectroscopy-To obtain data as representative as possible of the in vivo enzymes, all EPR data reported herein were obtained from preparations of cytoplasmic membranes. Potentiometric titrations were carried out at 25°C in a buffer containing 100 mM Tricine/KOH (pH 8.0), 5 mM EDTA, and 1 mM malonate at 25°C as previously described (25) . The following redox mediators were used at a concentration of 25 M: 2,6-dichlorindophenol, 1,2-naphthoquinone, toluylene blue, phenazine methosulfate, thionine, methylene blue, resorufin, indigotrisulfonate, indigocarmine, anthraquinone-2-sulfonic acid, and neutral red. EPR spectra were recorded using a Bruker ESP300E spectrometer equipped with a Bruker liquid nitrogen evaporating cryostat (an ER4111 VT variable temperature unit). Spectra were recorded at a temperature of Ϫ123°C using a microwave power of 20 milliwatts at 9.438 GHz, and a modulation amplitude of 2 G pp at 100 KHz. Five scans were accumulated for each sample.
Potentiometric titration data were analyzed by plotting the intensity of the g ϭ 2.00 peak-trough versus E h and fitting the resultant bell-shaped titration curve to two midpoint redox potential (E m ) values (26) . E m values were representatives of two to three independent titrations with a standard deviation of ϳϮ10 mV.
Analytical Methods-FAD content was determined as previously described (20) . Protein concentration was measured by the bicinchoninic acid method (Pierce) with bovine serum albumin as a standard in the presence of 1% (w/v) SDS. Fluorescence quench titrations to measure quinone binding were determined as described before (15) .
RESULTS

Kinetic Characteristics of the Mutants-The
FrdC E29L and FrdC E29F mutant proteins had been studied previously, however, focused on reactions with endogenous menaquinone within isolated membranes (17, 18) . Table 1 demonstrates the kinetic properties of purified Glu-C29 mutant enzymes in reactions with both natural quinone analogues, MQ 1 and UQ 1 . As seen in Table 1 , substitution of Glu-C29 by Leu or Phe resulted in enzymes that are similar in their kinetic behavior and demonstrate severely impaired reactions with menaquinone. The dehydrogenase activities remained unaffected by the substitution at the Glu-C29 position in the variant enzymes as evidenced by the high ferricyanide reductase activity. However, both MQ 1 H 2 -fumarate reductase and succinate-MQ 1 reductase activities were affected with retention of only ϳ1-3% of the wild-type activity in agreement with previous observations (17) . It was surprising, however, that both mutants were as active as wild-type QFR in the succinate-UQ 1 reductase reaction. The kinetic parameters of the succinate-UQ 1 reductase reaction catalyzed by the mutants are essentially the same as for the wild-type QFR parameters (Table 1) . Both variants also show increased sensitivity to HQNO and DNP-17. In agreement with the increased affinity to UQ 1 in both mutants, the decrease of K i for HQNO and DNP-17 for oxidized (succinate-UQ 1 reductase) and reduced (MQ 1 -fumarate reductase) in the FrdC E29L and E29F variants was observed ( Table 1 ). The overall kinetic behavior of the mutants is in agreement with structural arrangement of the Q P -site with MQ, HQNO, and DNP-19 (Fig. 2) ; where Glu-C29 serves as direct proton donor/acceptor to the C4 carbonyl of menaquinone, however, the data suggests it may not be required for protonation of ubiquinone.
The menaquinol-fumarate reductase reaction catalyzed by QFR is coupled with proton exchange between protein and quinol/quinone at the Q p -site. It can be expected that quinol-oxidation and quinone-reduction should be pH-dependent. The pH-profile of the MQ 1 -fumarate reductase reaction catalyzed by E. coli QFR shown in Fig. 3 shows an increase in activity with an apparent pK a of 6.3 that is attributed to the Q P -site. Activity decreases above pH 8.0 with a lowered rate of the fumarate reduction. The pH profile of the MQ 1 -fumarate reductase reaction catalyzed by the FrdC E29L mutant, however, demonstrates a significant increase of pK a of over two pH units indicating that the wild-type pK a value of 6.3 is likely attributable to Glu-C29.
Mutants with FrdB Lys-228 to Leu and Arg substitutions were constructed and purified. E. coli DW35 cells transformed with the plasmid harboring the mutations at the FrdB K228L position were not able to support bacterial growth on fumarate minimal medium (data are not shown), whereas FrdB K228R showed some bacterial growth. Both strains grew normally using non-selective Terrific Broth medium under microaerobic conditions, with amplified levels of QFR expression. The mutant enzymes could be isolated and purified by standard procedures. As shown in Table 2 the FrdB K228R and K228L variant enzymes demonstrate normal succinate-oxidase reaction with potassium ferricyanide. The dramatic differences in (Table 2) . Redox-induced FTIR Difference Spectra-The vibrational modes of quinones in their different redox and protonation states can serve as a reporter group for steric and energetic factors such as hydrogen bonding, polar interactions, and distortion of the ring and constituents. This has been previously demonstrated for several systems, including the light-induced bacterial reaction center (27, 28) , electrochemically induced bc 1 complex (29, 30) , E. coli cytochromes bo (31) and bd (32) , and QFR from Wolinella succinogenes (33) . Fig. 4 shows the oxidized-minus-reduced difference spectra of E. coli QFR for a potential step from Ϫ0.45 to 0 V. The data represent the total of the molecular changes concomitant with the redox reaction, including conformational changes or charge redistributions at the cofactor sites. It is possible to observe in the infrared difference spectra signals reflecting the reorganization of signals of the flavin, quinones, polypeptide backbone, and of the amino acid side chains upon electron transfer to or from the redox active centers. Additionally, proton reactions concomitant with electron transfer are expected to contribute in the spectra. The data display a major differential feature between 1700 and 1620 cm Ϫ1 , as found typically for iron-sulfur proteins (24, 30) . These signals in the so-called amide I range involve the (CϭO) stretching vibration of the polypeptide backbone reorganizing upon electron transfer in the cluster. Signals between ϳ1570 and 1520 cm Ϫ1 , the so-called amide II range, include contributions from the coupled C-N stretching and N-H bending vibrations of the backbone. For the contributions of individual amino acids the most prominent signals are found at positions higher than 1710 cm Ϫ1 , where the CϭO group of protonated aspartic and glutamic acid side chains are expected depending on their hydrogen bonding environment (34 -36 arginine (35, 36) . No pronounced menaquinone signals can be discriminated, indicating, that the preparation is essentially menaquinone-free. In Fig. 4 the oxidized-minus-reduced FTIR difference spectra of the purified FrdC E29L and FrdB K228L mutant enzymes are compared with the wild-type. For the FrdC E29L mutant only a small effect is observed between 1580 and 1550 cm Ϫ1 and between 1410 and 1380 cm Ϫ1 . As described above, these signals are typical for deprotonated acidic residues and indicate that in the wild-type enzyme used here Glu-C29 is deprotonated at pH 7.0. In the FrdB K228L mutant enzyme the decrease of a vibration mode at 1548 cm Ϫ1 can be seen together with smaller variations at 1534 cm Ϫ1 . On the basis of model compound spectra, the decreased signals can be attributed to the s (NH 3 ϩ ) mode of protonated lysines (35, 36) . The corresponding as (NH 3 ϩ ) vibration is expected around 1630 cm Ϫ1 and may be buried below the large amide I mode. The leucine mutation introduced into the enzyme does not show noteworthy contributions (36) .
Because the as-isolated enzyme appears to be deficient in quinone the effect of MQ 1 addition was studied. Fig. 5A shows the direct comparison to the oxidized-minus-reduced spectra in the absence and presence of menaquinone for the wild-type and mutant enzymes. In aqueous solution, the FTIR redox difference spectrum of menaquinone shows a broad (CϭO) mode at 1670 cm Ϫ1 with a shoulder at 1658 cm Ϫ1 as shown in Fig. 5B (top line) (37) . The (CϭC) mode of the quinoid ring is at 1624 cm
Ϫ1
, and that of the aromatic ring is at 1596 cm Ϫ1 . The mode at 1304 cm Ϫ1 was previously attributed to a coupled C-C/CϭC vibration (32, 37). The double difference spectra obtained for the binding to the wild-type include signals of the bound quinone together with signal reorganizations within the protein upon binding. As seen in Fig. 5B , the (CϭO) modes are strongly downshifted to 1646 cm Ϫ1 , indicating strong hydrogen bonds to both menaquinone carbonyl groups within the protein. Compared with the wild-type enzyme described above, for the FrdC E29L and the FrdB K228L mutant enzymes this signal is split and a signal at 1658 cm Ϫ1 reflects a weaker binding of one CϭO group. Non-bound menaquinone cannot be excluded to be involved in the small peaks at 1670 cm Ϫ1 . Further strong changes upon menaquinone binding are attributed to the ring vibration of a protonated tyrosine side chain which absorbs at ϳ1518 cm Ϫ1 and for the deprotonated tyrosine side chain at 1498 cm Ϫ1 for wild-type, FrdC E29L, and FrdB K228L at a position typical for tyrosines (36, 37) . Deprotonated tyrosine can also be expected at ϳ1269 cm Ϫ1 and is seen here as a negative peak for wild-type and both mutants at 1270 cm Ϫ1 . Signals from bound ubiquinone are expected in the frequency range from 1200 to 1700 cm Ϫ1 . In the electrochemically induced FTIR difference spectrum of UQ 2 in aqueous solution, shown as the first line in Fig. 6 , the split (CϭO) modes of the oxidized quinone are at 1652 cm Ϫ1 with a shoulder at 1664 cm Ϫ1 and the (CϭC) mode is at 1611 cm Ϫ1 . At 1288 and at 1264 cm Ϫ1 the signals from the C-OCH 3 vibrations of the 2-and 3-methoxy groups contribute (27) (28) (29) (30) (31) (32) 37 . These two bands are very similar to those from ubiquinone in solution, and they have been found to be largely insensitive to the protein environment (27) (28) (29) (30) (31) . Upon binding to the wild-type protein, peaks at 1665 and 1644 cm Ϫ1 can be seen. This relatively small shift indicates a weaker hydrogen bonding. Further changes in the amide I and amide II range indicate some variation of the backbone and individual amino acids. In the mutant enzymes, the ubiquinone binding was very difficult to induce and indeed only a small shift of 4 cm Ϫ1 for the (CϭO) mode to 1648 cm Ϫ1 in comparison to free quinone is seen. Substantial differences in the electrochemically induced FTIR spectra are seen in a region of 1570 -1480 cm Ϫ1 and may reflect structural perturbations in the enzymes upon electrochemical reduction in the presence of UQ 2 .
EPR Studies of Semiquinone Radicals Bound to the FrdC E29L Mutant-It has been shown that E. coli bd-and bo-quinol oxidases, enzymes that interact with both UQ and MQ, are able to stabilize both radicals at the Q-binding site (26, 38) . Wild-type QFR does not show stabilized MQ radicals (17) , as well as, UQ radical (data not shown). Significantly increased thermodynamic stability of the MQ radical was observed in membranes isolated from cells that overexpressed FrdC E29L mutant enzyme (15, 17) . To test the hypothesis whether the FrdC E29L mutant is able to also stabilize UQ radical, E. coli strains deficient in UQ and MQ synthesis were transformed with the pH 3 plasmid harboring the FrdC E29L mutation. In both strains, appropriately poised samples from potentiometric titrations exhibited intense EPR signals at 150 K at around g ϭ 2.00, as well as a small peak at approximately g ϭ 2.02 (Fig. 7) . These features were absent in spectra of potentiometrically poised membranes from untransformed background strains (JCB4111 or JCB4211, data not shown). The occurrence of a peak at g ϭ 2.02 is consistent with a diminished intensity of the g z of a [2Fe-2S] cluster observed under the EPR conditions used herein, such as that found in the FrdB subunit of QFR (39, 40) . Based on these observations, we assign the intense radical species at g ϭ 2.00 to semiquinones bound at the Q P -site of the FrdC E29L mutant of QFR. Both radical signals are quenched in the presence of HQNO indicating that SQ radicals attributed to MQ and UQ are stabilized at the same Q-binding site (the Q P -site) of the FrdC E29L variant. Close inspection of the spectra (Fig. 7 ) reveals a significant difference in line width between the radical signal assigned to menasemiquinone (top) and that assigned to ubisemiquinone (bottom). The former has a Lorentzian line shape with a peak-to-trough line width of 11G. The UQ semiquinone has a Gaussian line shape with a line width of 9G, in agreement with that reported for ubisemiquinones from other sources (41). . EPR spectra of MQ and UQ semiquinones stabilized by the Q Psite of the FrdC E29L mutant. A, spectrum of the MQ . radical from a membrane sample poised at an E h of Ϫ96 mV in comparison with one poised at Ϫ272 mV. The vertical lines indicate the peak-to-trough line width. B, spectrum of the UQ . radical from a sample poised at ϩ24 mV in comparison with one poised at Ϫ268 mV. The menasemiquinone and ubisemiquinone radical signals were observed in the samples of membranes lacking ubiquinone and menaquinone, respectively. Samples were poised in a buffer containing 100 mM Tricine and 5 mM EDTA at pH 8.0. EPR spectra were recorded at 150 K using a microwave power of 20 milliwatts at 9.436 GHz using a modulation amplitude of 2G pp at 100 KHz. Presented spectra are the averages of five scans. Fig. 8 shows plots of the g ϭ 2.00 signal intensity versus E h for the FrdC E29L mutant in membranes lacking UQ (top) or MQ (bottom). In both cases, the bell-shaped curve arises because the oxidized quinones accept electrons in two distinct one-electron steps, with the intermediate semiquinone form being EPR visible. The signal assigned to the MQ semiquinone titrates with an overall E m8 of Ϫ87 mV (E m1 ϭ Ϫ82, E m2 ϭ Ϫ92; K s , stability constant of 1.46) (Fig. 8A (top) , in reasonable agreement with the data reported by Hägerhäll et al. (17) . Fig. 8B (bottom) reveals that the UQ semiquinone titrates with an overall E m8 of 33 mV (E m1 ϭ 35.5 mV, E m2 ϭ 30.5 mV, K s ϭ 1.21). Given that the low stability of the FAD semiquinone intermediate of E. coli QFR renders it EPR-unobservable (42), we assign the titration curves of the higher and lower potential semiquinones to ubisemiquinone and menasemiquinone intermediates, respectively.
We have also evaluated the presence of semiquinone radical intermediates in DW35 membranes containing the FrdB K228R mutant. No increase in radical signal intensity was observed, consistent with the enzymological results presented above that indicate that the Arg substitution may sterically hinder substrate binding at the Q P -site (data not shown).
DISCUSSION
Many E. coli respiratory enzymes can use both UQ and MQ as substrates. To understand the mechanism(s) of catalysis with ubi-and menaquinone at the same Q-binding site it is important that one define: (i) what are the structural differences that allow accommodation of UQ and MQ at the same active site and, most importantly, (ii) whether hydrogen bonding to MQ and UQ carbonyls is the same for the two quinones and can provide proton exchange with the protein. In this work we provide evidence that the detailed mechanism of redox reactions of E. coli QFR with MQ and UQ are not the same; although the quinones occupy the same Q-binding pocket. These data show that Lys-B228 is the residue that is critical for binding of HQNO and for redox reactions with both ubi-and menaquinones (Tables 1 and 2 ). Even a conservative mutation of Lys-B228 to Arg had a dramatic effect on enzyme activity. The substitution of Glu-C29 with the nonpolar residues Leu and Phe affects reactions of MQ reduction and MQH 2 oxidation, although the rate of UQ reduction remains unaffected.
The structure of QFR is the only one among available structures of proteins (8, (12) (13) (14) (43) (44) (45) (46) (47) (48) (49) with Q-binding sites where a lysine residue (Lys-B228) is found within hydrogen-bonding distance to MQ. The pK a of the ⑀-amino group of lysine is normally too high to operate as proton acceptor. Due to the hydrogen bonding of the ⑀-NH 3 group of Lys-B228 to the sidechain carbonyl of Gln-B225 and the backbone carbonyl of Cys-B204 the shift in electron density may significantly decrease the pK a of the amino group. This would make the lysine a more suitable proton donor/acceptor. It is not unusual that the protein environment may cause significant adjustments of the ionization properties of amino acids. One example is the photosynthetic reaction center where the pK a value of the Glu-L212 residue interacting with the Q B ring is unusually high in the range of ϳ8.5 in the ground state and even some 1.0 -1.5 pH units higher in the presence of the semiquinone (50 -52 ). An alternative is that Lys-B228 may provide H-bonding for quinone, while proton exchange with quinone is afforded by Gln-B225 directly or via a bound water molecule. Water molecules have only been conservatively assigned in the E. coli QFR structures due to their relatively low resolution (8, 9) . In the SQR/ QFR superfamily a conserved lysine is found within hydrogenbonding distance to the backbone carbonyl of the cysteine homologous to Cys-B204 in available structures of SQR (53) . A lysine equivalent to Lys-B228 in E. coli QFR is highly conserved in the Sdh/Frd B subunit with only a few exceptions as in Wolinella QFR where Arg-B232 occupies this position (43) . In E. coli SQR the substitution of Lys-B230 with a leucine residue causes a decrease in the redox potential of the [3Fe-4S] cluster. Samples were prepared as described under "Materials and Methods." The redox transitions of menaquinone (A) were fitted to the following parameters: E m1 ϭ Ϫ82 mV, E m2 ϭ Ϫ92 mV, E m8 ϭ Ϫ87 mV, and K stab ϭ 1.47. This results in a maximum of ϳ38% of the semiquinone being EPR-visible as a percentage of Q p concentration. The fitting parameters for the ubiquinone transitions (B) were: E m1 ϭ 35.5 mV, E m2 ϭ 30.5 mV, E m8 ϭ 33 mV, and K stab ϭ 1.21. This results in a maximum of ϳ35% of the semiquinone being EPR-visible as a percentage of Q p concentration. In both cases, maximum intensity is normalized to 100% for clarity. We estimate the errors in the analysis to be in the range of 10%.
The importance of positive charge conserved within H-bonding distance to the cysteinyl carbonyl in complex II enzymes may relate to controlling the redox potential of the [3Fe-4S] cluster. The importance of Glu-C29 for menaquinol-oxidation has been previously shown (17) . Acidic residues often provide hydrogen bonds to quinones (54 -56) and thus, are suggested to be important for protonation (10, 57) or for quinone binding (13, 45, 58) . The contribution of H-bonding from Glu-C29, however, does not seem to be important for UQ and MQ binding at the Q p -site of E. coli QFR based on the kinetic data presented in this study. The changes in the pH profile of the menaquinol-fumarate reductase reaction in the FrdC E29L mutant (Fig. 3) indicate that another residue provides the H-acceptor function at the C4 carbonyl position in the mutant enzyme. This residue should have a higher pK a and is likely to be one of the Arg residues, Arg-D81 and Arg-C28, which directly or via a water molecule facilitate menaquinol oxidation (Fig. 2) . These residues or associated water are also expected to participate in UQ reduction. Further structural and mutagenesis studies are needed to address this question.
Effect of Quinones on FTIR Spectra of QFR Enzymes-The difference in the oxidized-minus-reduced FTIR spectrum of wild-type QFR in the presence of added MQ 1 demonstrates a split and a downshift of the (CϭO) modes of MQ 1 to 1658 (weaker signal) and 1646 cm Ϫ1 (stronger signal) in direct comparison to the signal for MQ 1 in aqueous solution at 1670 cm Ϫ1 (Fig. 5) . The negative shift of the (CϭO) mode is usually associated with hydrogen bonding, thus indicating hydrogen bonding of both quinone carbonyls. Comparison of the double difference spectra of the variant enzymes with the wild-type may tentatively assign a stronger (CϭO) mode to the C1 carbonyl with Lys-B228 and weaker one to the C4 carbonyl H-bonded to Glu-C29. The difference in hydrogen bonding of MQ upon binding to QFR observed in FTIR experiments is in good correlation with the K d HQNO determined by fluorescence quench titrations (15) ( Table 2 ) that indicate Lys-B228 is a major contributor of a H-bond to the C1 carbonyl for stabilization of MQ at the Q p -binding site.
In addition to changes observed in double difference spectra assigned to the MQ molecule upon electrochemical reduction, several other features that most likely reflect related changes in the protein are observed. The most prominent is a vibrational mode of 1518 cm Ϫ1 characteristic for a protonated tyrosine residue and of 1498 cm Ϫ1 characteristic for the deprotonated form, that is shifted in wild-type and both variant enzymes in the presence of MQ 1 . Interestingly, the Tyr-C25 side chain is located within 5 Å of the Glu-C29 carboxyl on the polar side from the Q p pocket and hydrogen-bonded to Asp-D88 that is close to the protein surface where its protons could exchange with bulk solvent. This suggests that Tyr-C25 is a part of the proton-transfer pathway.
Stabilization of the SQ Radical-Although quinone reduction/oxidation occur via a SQ intermediate, wild-type QFR demonstrates significantly destabilized SQ radical compared with SQRs (59 -61), bo3-oxidase (62, 63) , and bd-oxidase (26) . E. coli bd-oxidase effectively operates with both quinone types and showed similar stabilization of benzo-and naphthoquinones (26) . In this study UQ-and MQ-deficient E. coli strains were used to express FrdC E29L mutant enzyme. The E m values of HQNO-sensitive radicals determined from potentiometric titration data (Fig. 8) are consistent with the type of quinone expected in the membranes. In the MQ-deficient membranes the radical is titrated with E m8 ϭ 33 mV consistent with the value of unbound UQ-8 (E m7 ϭ 90 mV). The lower potential of the radical (E m8 ϭ Ϫ87mV) determined in UQ-deficient membranes correlates with a menasemiquinone species stabilized at the Q p -site. The E m8 value obtained from the former titration, however, is some 40 mV higher as compared with the potential of unbound MQ (E m8 ϭ Ϫ74 mV) and may indicate stabilization of oxidized MQ.
The line shape of the EPR spectra of the SQ radicals observed in UQ-and MQ-deficient membranes enriched with the FrdC E29L mutant enzyme appear to be different (Fig. 7) . In the MQdeficient membranes the ubi-SQ radical shows a Gaussian type spectrum, whereas in the UQ-deficient membranes the radical is a Lorentzian type. The different line shape may reflect a different redox state of the [3Fe-4S] ϩ1/0 center (E m ϭ Ϫ70 mV) expected to be in the S ϭ 1/2 oxidized ground state when interacting with UQ and mostly in the reduced S ϭ 2 state at the lower potentials where MQ would normally interact. The [3Fe-4S] cluster is paramagnetic in both the oxidized and reduced states, and no significant differences in relaxation properties of ubi-and mena-SQ radicals were observed in this study (data not shown).
Mechanisms for proton-coupled redox reactions for ubiquinone have been proposed for the bc 1 complex and the photosynthetic reaction center (see Refs. 13 and 52 for reviews). There is still not enough information, however, to propose a tentative mechanism of proton transfer coupled to the first and second electron steps in E. coli QFR for menaquinol oxidation and ubiquinone reduction. An important outcome of the present study is that the C1 carbonyls of MQ and UQ are positioned within hydrogen bond distance to Lys-B228 and that elimination of the negative charge at Glu-C29 has similar effects on the thermodynamic properties of ubi-and menasemiquinones. Thus, it is feasible to suggest that protonation of anionic UQ and MQ semiquinones occurs at the C1 position. Also for E. coli QFR the first step leading to MQH 2 oxidation at the Q P -site by the [3Fe-4S] center most likely is the deprotonation of menaquinol forming the MQH Ϫ anion. This is similar to many of the models for UQH 2 oxidation for the bc 1 complex (64).
